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Abstract

Observations of flow-stimulated biolumninescen;ce have' been 'recorded for 6enturi6s tlroughout the (,6rld's oceain§.
The present study explores, within 'a laboriatory context, the use of naturally. occurring, bioluminescence a's a strategy
towards visualizing oceanic flow fields. 'Theresponse 'of luminescent planktofi :t&6iitifiable levels of flow agitation
was investigated in fully developed pipe flow, With two different pipe' flow apparatus and freshly collected'mixed
plankton samples obtained over a year at two separate locations, several repeatable response patterns were identified.
Threshold levels for bioluminescence stimulation occurred in laminar flow with wall shear stress levels generally
between I and 2dyncm- 2 (0.1-0.2 N m- 2), equivalent to energy dissipation per unit mass values of W02-10 3ci 2 s-3

(10-2_10-l m2 s- 3). In an attempt to account for different concentrations and assemblages of mixed plankton, mean
bioluminescence levels were normalized by an index of the corresponding flow-stimulated bioluminescence potential.
This procedure generally accounted for variability between turbulent flow experiments, but was not effective for
laminar flow. In turbulent flow, mean bioluminescence levels increased approximately linearly with wall shear stress.
The magnitude of the flash response of individual cells, however, remained nearly constant throughout high laminar
and turbulent flow, even as the energetic length. scales of the turbulence became less than the size of the organisms of
interest. Threshold flow stimuli levels determined in the laboratory were compared with oceanic measurements taken
from the literature and with numerical simulations of ship wakes, one of the few highly turbulent flows to be well
studied. Several oceanic flow fields are proposed as candidates for bioluminescence flow visualization.
Published by Elsevier Science Ltd.
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However, bioluminescence is also stimulated by and plant cells is dependent on the length scales of
much less energetic flows such as swell over the turbulence (reviewed by Hua et al., 1993).
submerged bodies (Rohr et al., 1994), swimming Shear stress (viscous) and turbulent length and
dolphins (Rohr et al., 1998), seals (Williams and time scales are also considered important para-
Kooyman, 1985), small fish (Harvey, 1952), and meters for bioluminescence stimulation (Anderson
divers (Lythgoe, 1972; Robinson, 1998). These et al., 1988; Widder et al., 1993; Latz et al., 1994;
observations suggest that several energetic geo- Rohr et al., 1997). An experimental approach
physical flow fields may also be candidates for using fully developed pipe flow allows all these
bioluminescence flow visualization. Through de- flow parameters to be examined. Fully developed
termination of bioluminescence threshold levels in pipe flow is also advantageous because: it offers a
well-characterized laboratory flow fields, geophy- wide range of laminar and turbulent flow stimuli,
sical flow fields that are likely candidates for organisms experience the flow field for only a brief
bioluminescence flow visualization can begin to be time period and are continuously replaced, and
assessed within a scientific context. significant depletion of bioluminescence does not

occur in the upstream length of pipe (Losee and
1.2. Background Lapota, 1981; Rohr et al., 1994).

Bioluminescence response patterns for mixed
Bioluminescence is one of the most cosmopoli- plankton samples (Rohr et al., 1997) and labora-

tan organism behaviors in the marine environ- tory cultures of the red-tide dinoflagellate Lingu-
ment, having been found at all depths and in all lodinium polyedrum (Latz and Rohr, 1999) have
oceans of the world (Clark and Denton, 1962; been reported as a function of pipe wall shear
Widder, 1997). In coastal waters, where opportu- stress, Twall, for predominantly laminar flows. The
nities to observe flow-stimulated bioluminescence present study examined the repeatability.of these
are typically best, the primary sources of biolumi- response patterns by testing freshly collected
nescence are unicellular plankton called dinofla- mixed plankton at two different locations over a
gellates (e.g., Seliger et al., 1961; Kelly and Tett, year with the same pipe flow apparatus and
1978; Morin, 1983; Lapota, 1998). It has been experimental approach. Because only a small
postulated that concentrations <100 dinoflagel- range of turbulent flow has been 'previously
lates 1-1 are sufficient to highlight moving objects investigated (Rohr et al., 1997; Latz and Rohr,
(Morin, 1983) and that visual predators use 1999), the effect of length and time scales of the
flow-stimulated bioluminescence at night to locate turbulence on flow-stimulated dinoflagellate bio-
their prey (Hobson, 1966; Mensinger and Case, luminescence is not known. The present study also
1992; Fleisher and Case, 1995). Where extended used a larger pipe flow apparatus to obtain a
monitoring of coastal bioluminescence has been greater range of turbulent length and time scales.
conducted, abundances of bioluminescent dinoflagel- Throughout these experiments the homogeneity of
lates were equal to or greater than 100 cells 1- (Kelly, mixed plankton abundance was assessed by
1968; Lapota, 1998; Rapoport and Latz, 1998). periodic measurement of an index of the biolumi-
During red tides, the abundance of luminescent nescence potential. These measurements provided
dinoflagellates may reach 107 cells1-1 (Seliger et al., an opportunity to investigate whether mean
1970). Thus, it appears that sufficient concentrations bioluminescence measurements obtained for dif-
of bioluminescent dinoflagellates occur frequently ferent mixed plankton assemblages, but for the
enough in coastal waters to provide opportunities, same flow stimuli, could be effectively scaled with
when it is suitably dark, for nighttime oceanic flow an index of bioluminescence potential.
visualization. Another important hydrodynamic feature is the

Some dinoflagellates are known to be very shear rate of energy dissipation per unit mass, hereafter
sensitive (Thomas and Gibson, 1990a, b; Estrada referred to as the dissipation, e. Together with the
and Berdalet, 1997; Juhl et al., 2000; Zirbel et al., kinematic viscosity, dissipation determines the
2000). Generally, the shear sensitivity of animal Kolmogorov scales which are indicative of
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the smallest length, LK, and time, LT, scales of the (1997) and Latz and Rohr (1999). It consisted of a
turbulence. At small scales, instantaneous shear 91-cm long, 0.64-cm inner diameter (i.d.), trans-
stress and dissipation are different descriptors of parent acrylic pipe connected to a 75-1 head tank.
the same flow phenomenon, the deformation of A manual valve at the end of the pipe controlled
the fluid. The relationship between z and E depends the flow. Mean flow speeds up to 2.4m s-I were
on the flow field and author's preference, but has a achieved, providing maximum levels of viscous
common form: stress at the pipe wall (Twall) of about 220 dyn cm-2

S = k(T) 2 (vp 2)- 1, () (=22Nm-2) (Table 1). The 0.64-cm i.d. pipe flow
apparatus was used to investigate the response of

where v and p are the kinematic viscosity and freshly collected plankton samples obtained from
density of seawater, respectively, and k is a San Diego (SD) Bay and off the Scripps Institu-
constant. For mathematical convenience k often tion of Oceanography (SIO) Pier, La Jolla, CA.
appears as 21r in the oceanic literature (Mann and Between 30 May, 1994 and I 1 July, 1995, six 0.64-
Denny, 1996). In fully developed laminar pipe cm i.d. pipe flow experiments with mixed plankton
flow, k is indisputably. equal to one (Rosenhead, samples were performed at each location (Table 2).
1963; Sherman, 1990). Assuming k = 1, Eq. (1) To obtain higher shear stresses, a pressurized
has been used to study the effect of wind-induced pipe flow apparatus incorporating a 450-1 inertly
turbulence on dinoflagellate population growth coated stainless-steel head tank was assembled
(Thomas and Gibson, 1990a), surfzone turbulence within an enclosure on a pier in SD Bay. Water
on purple sea urchin fertilization (Mead and was first drawn into a submerged tank through a
Denny, 1995), and the biological consequences of 7.6-cm diameter, hydraulically actuated valve
small-scale flow in a surge channel (Denny et al., located 2-3m below the sea surface. The sub-
1992). Asimilar expression, but with k equal to merged tank was then gradually pressurized to
10/it, has been employed by Latz et al. (1994) to slowly transfer the water into the head tank. The
estimate oceanic bioluminescence threshold dis- maximum shear stress during transport through
sipation- levels, using threshold shear stress values the 10-cm i.d. connecting hose was estimated as
determined in simple laminar Couette flow. Lazier less than I dyn cm- 2. Mounted to the bottom of
and Mann (1989) suggest, based on the velocity the head tank was a 50-cm-diameter elbow
shear spectra measured in a mixed layer (Oakey connected to a flange from which issued a 3-m
and Elliot, 1980), that for most turbulent oceano- long, clear acrylic pipe of 0.85-cm i.d. Between the
graphic applications k = 7.5. For the present pipe and the flange was a smooth contracting inlet
oceanic comparisons a range of dissipation thresh- with a cubic polynomial profile. Through pressur-
old levels was calculated from threshold shear izing the head tank and controlling a manual valve
stress values determined in laminar pipe flow, at the end of the pipe, flow speeds in excess of
Eq. (1), and k values of 1 and 7.5. Although 6ms-', with associated maximum "wall levels
threshold dissipation and threshold shear stress around 1000dyn cm-2 , were attained (Table 1).
values are not independent measurements, in the Six experiments were successfully conducted be-
present study they are considered separately when tween 28 April, 1994 and 18 August, 1994 in the
compared to oceanographic shear and dissipation 0.85-cm i.d. pipe (Table 2). For comparison, an
measurements. overlapping range of Twall values was measured for

both pipes. Each experiment for either apparatus
consisted of a single tank full of freshly collected

2. Experimental materials and methods seawater.
Pressure drop, Ap, between the pressure taps

2.1. Pipe flow measurements separated by Ax along the pipe, was measured with
variable reluctance differential transducers (Vali-

The smaller pipe flow apparatus used in this dyne Corporation). Mean flow speed, Uavg, was
study was identical to that described by Rohr et al. calculated by dividing the volume flow rate by the
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Table I
Range of wall shear stress, ZTa,1, energy dissipation per unit mass, e, and Kolmogorov length, LK, and time, LT, scales (at centerline,
LKý/I, LTC/l; averaged across the pipe diameter, LKavg, LTavg; and at the pipe wall, LKýaIl, LTwý1) for the pipe flow experiments

Pipe i.d. (cm) Laminar flow Turbulent flow

"%wall B~all Twall 
8

wall LKc/I LKavg LKwall LTc/I LTa-g L'rwii

(dyn cm- 2) (cm 2 s-3) (dyn cm-
2
) ( 1 l06 cm

2 S-3) (Pim) (gsm) (Psm) (As) (Ws) (lAs)

0.64 0.2-29 3.6-76000 61-220 0.3-4.3 25-14 22-13 14-7 610-190 470-170 180-49
0.85 0.3-8 8.2-5800 20-1000 0.03-91 44-8 37-8 25-3 1800-26 1300-30 570-1I

Table 2
Mixed plankton, bioluminescence pipe flow results. Mean slope is based on the least-squares regression of log mean bioluminescence
vs. log Twal., with number of measurements in parentheses and r2 values in brackets

Experiment Threshold Twall (dyncm- 2) Mean slope

Location and date Laminar Turbulent

SD Bay 0.64-cm i.d
5/30/94 1.4 2.1 (18) [0.97]
6/02/94 1.1 1.8 (14) [0.96]
7/06/95 1.3 2.1 (13) [0.991
7/07/95 1.1 1.8 (20) [0.98]
7/11/95 1.1 1.4(13) [0.93]
7/18/95 1.7 2.0 (14) [0.97]
Pooled data 1.3 +0.26 1.9±0.28

SIO Pier 0.64-cm i.d
7/11/94 0.9 1.8 (13) [0.96]
7/13/94 0.6 1.3 (10) [0.83]
8/08/94 0.7 1.5 (9) [0.95]
9/07/94 0.7 1.7 (21) [0.94]
4/14/95 1.2 2.2 (27) [0.93]
4/27/95 1.2 2.2 (22) [0.93]
Pooled data 0.9 ±0.25 1.8 ±0.34

SD Bay 0.85-cm i.d Spring 1994
4/28/94 1.2 2.5 (8) [0.94] 0.9 (10) [0.96]
5/01/94 0.7 2.1 (12) [0.95] 0.9 (17) [0.96]
5/09/94 0.7 1.7 (9) [0.76] 1.3 (28) [0.98]
5/10/94 0.6 1.9 (12) [0.76] 1.2 (13) [0.931
Pooled data 0.8 +0.25 2.0+0.37 1.1 ±0.21

SD Bay 0.85-cm i.d. Summer 1994
7/27/94 0.8 1.7 (8) [0.66] 1.1 (14) [0.93]
8/18/94 1.0 2.0 (5) [0.991 0.9 (06) [0.98]
Pooled data 0.9+0.16 1.9±0.20 1.0±0.19

pipe cross-sectional area. The volume flow rate number, a dimensionless flow rate, were calculated
was determined by weighing the flow discharge (Schlichting, 1979) for each bioluminescence mea-
collected over a measured time. Darcy friction surement as previously described (Latz and Rohr,
factor, a dimensionless pressure, and Reynolds 1999). Their relationship clearly marks where the
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104 ?(formerly Gonyaulax polyedra; 40 jim in diameter),
"Ceratium fusus (340 x 30 lim, length and width,

0
21 respectively) and Protoperidinium spp.
r (70 x 60 gim). When mechanically stimulated until
"= l0bioluminescence is depleted, L. polyedrum, C. fusus

,, and Protoperidinium spp. produce 1-2 x 108 (Bigg-0 4ley et al., 1969; Latz and Lee, 1995), 3-5 x 108

0 (Esaias et al., 1973; Sullivan and Swift, 1994) and

0.5-3 x 109 (Lapota et al., 1989; Swift et al., 1995)

t°
2  ... 104 10 5 photons cell-', respectively.

Reynolds Number These particular luminescent dinoflagellates are
common to the coastal waters off • southern

Fig. 1. Representative measurements of Darcy friction factor California (e.g., Sweeney, 1963; Holmes et al.,
and Reynolds number. The dashed line is the theoretical
relationship for laminar flow; the solid line is the accepted 1967; Kimor, 1983; Lapota, 1998). Although the
empirical relationship for turbulent flow (Schlichting, 1979). most abundant dinoflagellate, L. polyedrum, is
Closed traingles are data collected from the 0.64-cm i.d. pipe; motile (Kamykowski et al., 1992), its swimming is
open circles are data collected from the 0.85-cm i.d. pipe. weak compared to the flows considered through-

out this study. Like most bioluminescent dino-
flow was laminar, turbulent, or transitional, and flagellates, L. polyedrum exhibits a circadian
whether the measurements were obtained in fully rhythmicity with emission one to two orders of
developed pipe flow. The break between the data magnitude greater at night than during the day
(Fig. 1) represents the region of transition from (Biggley et al., 1969; Sweeney, 1981). Dinoflagel-
laminar to turbulent flow. lates typically respond to mechanical stimulation

The shear stress in fully developed pipe flow, within 20ms with a light flash of 100 ms or more in
regardless of whether the flow is laminar or duration (Eckert, 1965; Widder and Case, 1981;
turbulent, increases linearly from zero at centerline Latz and Lee, 1995).
to a maximum at the pipe wall (Schlichting, 1979). For the 0.64-cm i.d. pipe flow experiments,
The wall shear stress in fully developed pipe flow is surface seawater was collected by bucket from SD
directly calculated from either measurements of Bay and off the SIO Pier, 2 h before sunset when
pressure drop or average flow rate (Schlichting, dinoflagellate bioluminescence is minimally exci-
1979). table (Biggley et al., 1969). At dusk, the apparatus

In turbulent pipe flow, e decreases rapidly with was covered with opaque sheeting and experiments
distance from the pipe wall (Laufer, 1954). commenced 2.5h later, when maximal levels of
Estimates of 8 at the pipe wall (Eq. (1); k = 1), bioluminescence are expected (Biggley et al., 1969).
centerline (Davies, 1972), and averaged across the For the 0.85-cm i.d. pipe flow experiments, the
pipe (Bakhmeteff, 1936) were made, and the organisms were drawn from an underwater re-
corresponding values of the Kolmogorov length servoir 2 h before sunset and were immediately
(LKwaII, LKc/I, LKavg) and time (Lrwall, LTC/b LTavg) introduced into an opaque head tank. Measure-
scales were calculated (Tennekes and Lumley, ments commenced 2.5 h after sunset.
1972). Kolmogorov length and time scales varied
between 1 (3-39 pm) and 2 (11-1300 js) orders of 2.3. Bioluminescence measurements
magnitude, respectively (Table 1).

Bioluminescence was measured with photon-
2.2. Luminescent organisms counting photomultiplier (PMT) detectors as

described by Latz and Rohr (1999). Mean
The luminescent organisms identified in the pipe bioluminescence was calculated by averaging each

flow samples obtained throughout this study were data record and was expressed as counts s-'. PMT
exclusively dinoflagellates, primarily L. polyedrum pulses were also counted in 5-ms time bins to
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resolve individual flash events. Maximum biolu- values were calculated by substituting threshold
minescence was determined by taking the highest Twall into Eq. (1) with k = I and 7.5.
5-ms integration value in each time series and was Background mean bioluminescence levels were
expressed as counts 5ms-l. Maximum biolumi- measured with no flow and were composed of
nescence measurements serve as an indicator of the electronic noise, ambient light leakage, and spon-
peak intensity of an individual flash (Rohr et al., taneous bioluminescence (of which only the last
1997; Latz and Rohr, 1999). parameter will depend on cell concentration).

The same PMT was used for all the pipe flow Mean and maximum background levels for
bioluminescence measurements, and was mounted both PMT's were usually within 40-60 and
67cm from the inlet of the 0.64-cm i.d. pipe and 10-30counts 5ms-1, respectively, throughout all
2.36m from the inlet of the 0.85-cm i.d. pipe. The the experiments. A representative mean back-
PMT was coupled to the pipe with a light-shielded ground level of 45countss-I was chosen for
adapter and viewed the entire pipe diameter and a determining threshold Ewal levels. Results were
pipe length of 5 cm. A reference PMT, used for the largely insensitive, within a factor of 2, to the exact
0.85-cm i.d. pipe flow experiments,' was mounted choice of PMT background level.
to the quartz window opposite a 25.5-ml viewing For consistency, all bioluminescence measure-
chamber of a flow agitator (described in Section ments were expressed as emission per time. This is
2.4). Simultaneous pipe flow bioluminescence the most meaningful way to present response
measurements obtained with both PMTs mounted threshold and maximum intensity. However,
opposite to each other showed that their sensitiv- measurements of flow-stimulated, mean biolumi-
ities were within a few percent. Each PMT record nescence are often expressed as emission per
was obtained at a constant flow rate, providing a volume (Widder et al., 1993; Latz et al., 1994;
fixed Twall for periods typically between 20 and Widder, 1997). This particular representation
100s. The longer time series were collected for the attempts to account for advective effects that are
slower flow rates so that flow volumes for all the most pronounced when the residency time of the
time series were approximately equal. A sampling flash within the view of the detector is long
duration of 100s for the low flow rates was compared to its duration (Seliger et al., 1969;
adequate for detection of the response threshold Widder et al., 1993; Widder, 1997). Extending the
(Latz and Rohr, 1999). Neutral density filters were mathematical analysis for bathyphotometers (Se-
used to attenuate the photon input to ensure that liger et al., 1969; Widder et al., 1993) to fully
bioluminescence was never saturating the PMT. developed pipe flow, Rohr et al. (1994) derived a

A response threshold was calculated for each relationship between mean intensity, flash kinetics
pipe flow experiment by a method similar to that and organism residency times. Applying this
of Latz and Rohr (1999). First, for each of analysis throughout the present range of Twall for
the three pooled data sets (i.e., SIO Pier, 0.64-cm both the 0.64- and 0.85-cm i.d. pipe flow experi-
i.d. pipe; SD Bay, 0.64-cm i.d. pipe; and SD Bay, ments, an approximate linear dependence on
0.85-cm i.d. pipe) a range of laminar flows was advection was found for both pipes. Consequently,
identified by eye, based on a trend for increasing log mean bioluminescence vs. log TwaI trends for
mean and maximum bioluminescence intensities the 0.64- and 0.85-cm i.d. pipes can be directly
with increasing T wall. Then, for each of the pipe compared because the effect of advection is
flow experimental data sets, a least-squares regres- similar. Least-squares regressions of log mean
sion of log mean bioluminescence vs. log wall bioluminescence vs. log Twall were used to calculate
shear stress was calculated throughout this range. slopes (mean +standard deviation) and r2 values.
Threshold Twall values were determined from this
regression equation to calculate where the regres- 2.4. Homogeneity and bioluminescence potential
sion line intercepted background mean biolumi-
nescence levels (Latz and Rohr, 1999). A The lack of homogeneity of bioluminescent
corresponding range of threshold dissipation organisms throughout the head tank can have as
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much, or more, of an effect on bioluminescence partly corroborated by the fact that at sufficiently
intensity as changes in the level of flow agitation. high flow rates, the details of the agitator chamber
Through "gentle" pre-stirring of the 75-1 head design (Losee et a]., 1985), the length of upstream
tank, differences in cell abundance between section preceding the agitator (Losee and Lapota,
samples collected at the end of the 0.64-cm- 1981), and the flow rate (Latz and Rohr, unpub-
diameter pipe were typically less than 30% lished observations) do not significantly affect
throughout an experiment. Previous tests have bioluminescence measurements within the agitator.
shown that "gentle" pre-stirring, which did not The flow agitator was attached to a 3.23-m
stimulate bioluminescence, had no significant length of 2.54-cm i.d. pipe, which ran parallel to
effect on the hydrodynamic agitation threshold the 0.85-cm i.d. pipe. Between the 2.54-cm i.d. pipe
for bioluminescence (Latz and Rohr, 1999). To and the flange of the head tank was a smooth
test for cell homogeneity in the pre-stirred 75-1 contracting inlet with the same cubic polynomial

.head tank, bioluminescence measurements were profile as the other pipes. The volume flow rate
first collected for flow rates that proceeded in a through the agitator was consistent with shipboard
decreasing sequence and then an overlapping, photometer protocol, always greater than 0.3 1s-.
increasing sequence. An experiment was rejected Six of the nine 0.85 i.d. pipe flow tests conducted
only if similar flow rates did not produce similar satisfied both criteria of repeatability for increas-
bioluminescent intensities. Based on this criterion, ing and decreasing flow rates and approximately
all 12 pre-stirred, 0.64-cm i.d. pipe experiments constant bioluminescence potential index through-
were acceptable for further analysis. out the experiment. These six experiments were

The 450-1 pressurized head tank, which could further analyzed.
not be pre-stirred, was subject to larger fluctua-
tions in cell concentration during an experiment.
Therefore, in addition to comparing mean biolu- 3. Computational methods
minescence measurements for overlapping increas-
ing and decreasing flow rates, an index of the Some of the most comprehensive numerical
flow-stimulated bioluminescence "potential" was simulations presently available for highly energetic
measured periodically throughout each of the flow fields in the ocean are for the wakes of naval
0.85-cm i.d. pipe flow experiments. Biolumines- ships (Rood, 1995). The objective of the present
cence potential indices were obtained with a flow study was not to use bioluminescence to detect
agitator taken from a shipboard photometer ship wakes per se, but to demonstrate how
system (Losee and Lapota, 1981; Losee et al., luminescent "footprints" could be predicted in
1985; Lieberman et al., 1987). The flow agitator is turbulent oceanic flows. As numerical simulations
composed of a 25.5-ml cylindrical chamber of 2.0- evolve, bioluminescence associated with highly
cm radius and 2.0-cm height, with quartz windows energetic geophysical flows can be estimated.
attached to its sides for viewing. The chamber's Numerical simulations were used to estimate the
cylindrical axis is oriented perpendicular to the temporally and spatially averaged turbulent shear
axis of the pipe. The inlet i.d. of the chamber stress and energy dissipation fields throughout the
reduces from 2.54 to 1 cm over a distance of wake of an aircraft carrier. These computations
2.5 cm. The outlet from the chamber is a mirror were then used to delineate where within the wake
image of the inlet. Because of the highly turbulent several candidate threshold values of turbulent
flow stimulus within the flow agitator, the asso- shear stress and energy dissipation were attained
ciated bioluminescence measurements are assumed or exceeded. The simulated aircraft carrier had
to serve as an effective index of the biolumines- four 6.4-m diameter propellers, a displacement of
cence potential, i.e., the maximum biolumines- 9.1 x 104 tons, and at waterline a length, beam and
cence intensity that can be hydrodynamically draft of 332.5, 40.2 and 11 m, respectively. The
stimulated (Losee and Lapota, 1981; Losee et al., simulation was for a typical speed of 9m s-,
1985; Lieberman et al., 1987). This presumption is about 18 knots.
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The algorithm used to compute the wake flow Irrespective of these difficulties, it is believed
field, a parabolic Reynolds-averaged Navier- that the numerical simulation estimates of turbu-
Stokes solver, is well-documented and has been lent shear stress and energy dissipation are related
partially verified with full-scale experiments on to the local flow properties responsible for
many classes of US naval surface craft (Hyman, bioluminescence stimulation. The appropriate
1990, 1992, 1994). For this initial assessment transfer functions can be derived given suitable
of ship wake bioluminescence signatures, the field observations.
effect of rising bubbles on modifying the flow
field was ignored. Because rising bubbles can
stimulate luminescent plankton (Anderson et al., 4. Experimental results
1988; Latz and Case, unpublished observa-
tions), the bioluminescent "footprints" predicted 4.1. SD Bay and SIO Pier, 0.64-cm i.d. pipe flow
by the present simulations are thought to be bioluminescence measurements
conservative.

Note that the turbulent or Reynolds shear stress Mean and maximum bioluminescence trends
calculated in the numerical simulations is funda- for the 0.64-cm i.d. pipe flow experiments with
mentally different than the threshold shear stress mixed plankton collected from SD Bay (six experi-
determined in laminar pipe flow. The turbulent ments) and off the SIO Pier (six experiments)
length scales that dominate the Reynolds stresses were generally in good agreement (Fig. 2A and B;
tend to be the larger length scales of the flow Table 2). With increasing laminar flow, mean
(Stacey et al., 1999b). The smallest length scales in and maximum bioluminescence normally in-
the simulations are many orders of magnitude creased above background levels in flows with
greater than the bioluminescent dinoflagellates of Twail around I dyncm-2. For the range of
interest. The distance between grid points varied Twall = 1-29dyncm- 2 in laminar flow, the in-
from tens of centimeters at the free surface and crease in mean bioluminescence as the 1.9+0.3
centerline to tens of meters at the subsurface edges power of rwall for the six SD Bay experiments was
of the wake. not significantly different from the increase as the

In principle, for large Reynolds number flows 1.8+0.3 power for the six SIO Pier experiments
such as full-scale ship wakes, dissipation at the (t = 0.045; d.f. = 10; P = 0.66). Pooling all laminar
scales of luminescent plankton can be reliably flow data for the two locations, mean biolumines-
discerned from measurements at much larger cence increased as the 1.8+0.3 power of Twall

scales (Tritton, 1988). Unfortunately, except for (r2 = 0.89; n = 194). In turbulent flow, the rela-
a Direct Numerical Simulation, dissipation is the tively small logarithmic range of Twa5 j between
computed quantity with the largest uncertainty. 62 dyn cm- 2 and 218 dyn cm- 2 and large scatter in
Because there are no direct measurements of the mean bioluminescence data precluded the
dissipation in a ship's wake, simulations must be identification of a meaningful power-law relation-
checked indirectly, usually through another vari- ship.
able that is better understood and accurately Pooling all SD and SIO 0.64-cm i.d. pipe flow
measured. In the present case, the initial value of data from the two locations, the response thresh-
dissipation was derived from a length scale old occurred in flows with a Twall of
proportional to the propeller diameter, which 1.1 + 0.3 dyn cm- 2 . The corresponding Twall thresh-
was determined by optimizing the comparison of old values for the SD Bay and SIO Pier experi-
computations against a limited set of wake data ments were 1.3+0.2 and 0.9+0.2dyncm- 2 ,
taken in a tow tank (Swean, 1987). In subsequent respectively. Although as order of magnitude
simulations, while the near wake was fairly estimates these thresholds levels were remarkably
sensitive to dissipation error, most far-wake similar, they were significantly different at the P =

simulations were not, apparently tending towards 0.02 level (t = 2.746; d.f. = 10). Comparing 1994
a self-similar structure. and 1995 measurements, there was no difference in
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Fig. 2. Luminescent response of mixed plankton samples tested in the 0.64-cm i.d. pipe apparatus. Samples were collected from SD
Bay (closed symbols) and SIO Pier (open triangles) over 1 year (Table 2). Each symbol indicates the result for one flow rate. Dashed
lines represent the background level in the absence of flow. (A) Mean intensity as a function of wall shear stress. (B) Maximum
intensity as a function of wall shear stress. The solid line indicates the Kolmogorov turbulent length scale, which is related to the
smallest length scales of the turbulence. The smallest luminescent plankton present, Lingulodinium polyedrum, are about 40 Ptm in
diameter. The gap in the data between Ta1 of 29-64dyn cm- 2 is the region where transition from laminar to turbulent flow occurred.

threshold Twall values for the two locations 4.2. SD Bay, 0.85-cm i.d. pipe flow bioluminescence
(t = 0.471; d.f. =4; P = 0.66) in 1995, but in 1994 measurements
there was a significant difference (t = 3.986;
d.f. = 4; P = 0.02) due to a lower threshold of Throughout laminar flow, mean and maximum
0.7 + 0.1 dyn cm- 2 at the SIO Pier location, bioluminescence of SD Bay water samples tested in

Maximum bioluminescence measurements ex- the 0.85-cm i.d. pipe apparatus increased as a
hibited greater variability than mean biolumines- function of twall (Figs. 3A and B; Table 2) in a
cence, particularly near threshold (Fig. 2B), similar way as was found for the 0.64-cm i.d. pipe
because of the reduced statistical likelihood of (Figs. 2A and B; Table 2). There was no significant
observing the relatively short (,: 10ms) temporal difference in twall threshold (t = 0.471; df=4;
peak of an individual flash. With increasing P=0.66) and mean slope (t=0.735; d.f.=4;
laminar flow, maximum bioluminescence measure- P = 0.50) between spring and summer 1994
ments for all the 0.64-cm i.d. pipe flow experiments measurements in the 0.85-cm i.d. pipe. The
first increased more than two orders of magnitude bioluminescence stimulation threshold for the
between threshold and Twall values of 10 dyn cm-2, pooled data occurred in laminar flows with
and then remained nearly constant through T wall = 0.8+0.2dyncm- 2. Although some of the
transition from laminar to turbulent flow. mean bioluminescence data for T wall < 1 dyn cm-2
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were above background, these data were not 106

included for threshold calculations due to the .
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Maximum bioluminescence for the 1994 summer Fig. 3. Luminescent response of mixed plankton samples tested

data for the 0.85-cm i.d. pipe (not shown) was in the 0.85-cm i.d. pipe apparatus. Samples were collected from

similar to the spring data, but had greater SD Bay during spring (open symbols) and summer (closed
variability due to the relatively low concentrations symbols) of 1994. As in Fig. 2. (A) Mean intensity as a function

of wall shear stress. (B) Maximum intensity as a function of
of luminescent organisms present. wall shear stress. (C) Mean intensity normalized by the

The bioluminescence potential index during bioluminescence potential index (Table 3). The gap in the data
summer 1994 was approximately 10 times less between zT,,1 of 10-19dyncm- 2 is the region where transition

than that measured during the spring (Table 3). A from laminar to turbulent flow occurred. Symbols designate

similar decrease in bioluminescence potential was experimental dates: 4/28/94-open square; 5/01/94--open
diamond; 5/09/94-open triangle; 5/10/94-open circle 7/27/

recorded by a bathyphotometer moored approxi- 94-closed diamond; 8/18/94-closed square.
mately 100m from our collection site. Over a 4
year period, the decrease in bioluminescence
potential was seasonal and attributed to a decline mean bioluminescence measurements obtained in
in the luminescent dinoflagellates Protoperidinium the 0.85-cm i.d. pipe flow by the corresponding
spp. and L. polyedrum (Lapota, 1998). This trend bioluminescence potential index decreased the
was correlated to storm runoff from rainfall in the differences between the spring and summer turbu-
winter and spring months that enters SD Bay and lent flow data (Fig. 3C). Conversely, a similar
contains high levels of nutrients. Normalizing scaling of mean bioluminescence data collected in
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laminar pipe flow increased the disparity between width and 18 m in depth, with a total volume of
spring and summer data (Fig. 3C). 6.4 x 106 M3 . For turbulent shear stress thresholds

of 10, 100 and 1000dyncm- 2 , the bioluminescent
wake volume was reduced by 4%, 56% and 95%,

5. Computational results respectively (Table 4). The small difference be-
tween supra-threshold volumes associated with

Simulations for the turbulent shear stress in the turbulent shear stress levels greater than I and
wake of an aircraft carrier moving at 9ms-1 are 10dyncm- 2 was due to the large gradients in
presented as contour plots on a plane perpendi- turbulent shear stress at the wake edge. If
cular to the ocean surface at the wake centerline laboratory and simulation comparisons were
(Fig. 4A), and in plan view at the ocean surface restricted to turbulent shear stresses, the lowest
(Fig. 4B). Generally, the lowest turbulent stress turbulent shear stress attained in the present pipe
levels were at the subsurface wake edges. The flow was about 20dyncm- 2 (Fig. 3A, 05/09/94).
highest turbulent stresses occurred within the Assuming a more conservative turbulent shear
propeller jets and where the turbulence field stress threshold of 100dyncm- 2 , the simulations
interacted with the free surface to form regions predicted that for suitable viewing conditions and
of strong vorticity on either side of the centerline, bioluminescence potential, the wake of an aircraft
These regions were the most persistent wake flow carrier would be observable for 5.4 km.
features. The wake volume and corresponding Several possible relationships between shear
dimensions over which turbulent shear stress levels stress and energy dissipation rate have been
of 1, 10, 100 and 1000dyncm- 2 were obtained or previously noted (Eq. (1), k = 1, 1O/i, 7.5). If it is
exceeded were calculated (Table 4). assumed that a local stress level of at least

Choosing a threshold value of I dyncm- 2  1 dyn cm-2 is necessary to stimulate biolumines-
resulted in a potential bioluminescence "foot- cence then these relationships suggest, to one
print" extending throughout the entire simulated significant figure, corresponding levels of threshold
wake (Figs. 4A and B). The simulated biolumines- dissipation for bioluminescence stimulation of 100,
cent wake was about 6.6 km in length, 170 m in 300 and 700 cm 2 s-3. For later comparisons with

oceanic dissipation estimates, a broad threshold
range between 10 2 l0 3 cm2 S- 3  is assumed.
Dissipation rate estimates within the wake decayed

Table 3 more rapidly than turbulent shear stress
Index of bioluminescence potential measured for the 0.85-cm (Fig. 5), and, consequently, smaller wake volumes
i.d. pipe flow experiments using mixed plankton collected in of stimulated bioluminescence are predicted
San Diego Bay. Values represent means+standard deviations o s
with number of measurements in parentheses. Bioluminescence (Table 4). For a threshold value of 100cm2 s-
potential was higher during the spring than in the summer of the maximum length, width and depth of the bio-
1994 luminescent wake "footprint" was 960, 54 and

Date Bioluminescence potential index 6 m, respectively. The associated volume of
(x 106 countss-1) supra-threshold hydrodynamic stimulus was

1.7 x 105m 3 . When threshold values of 300 and
Laminar flow Turbulent flow 700 cm2 s-3 were used in the simulation the

Spring 1994 corresponding volumes of supra-threshold dissipa-
4/28/94 3.3±1.0 (4) 3.2 +0.89 (4) tion were reduced about 53% and 76%, respec-
5/01/94 1.5±0.34 (4) 2.0+ 1.3 (4) tively (Table 4). Because of the high gradients of
5/09/94 8.1 +0.83 (3) 6.6+1.0 (6)
5/10/94 8.7+1.80 (2) 6.0±+1.9 (5) dissipation occurring at many of the deepest and

widest boundaries of the wake, the simulation
Summer 1994 indicates that there is no difference for maximum
7/27/94 0.52+0.1 (4) 0.47+0.12 (5) depth and width between the dissipation levels
8/18/94 0.49±0.03 (2) 0.51 +0.02 (3) chosen.
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Fig. 4. Turbulent shear stress (units of dyn cm- 2) field generated by the numerical simulation of an aircraft carrier moving at 9 m s-
Depth (z), length (x) and width (y) of the wake are nondimensionalized by the waterline length (L = 332.5 m) of the carrier. (A) Axial
plane on wake centerline. (B) Plan view at the free surface.

Table 4
Numerical simulation predictions of possible bioluminescent "footprints" for an aircraft carrier moving at 9 ms-', based on threshold
turbulent shear stress stimulation levels of 1, 10, 100 and 1000dyncm- 2 , and threshold dissipation stimulation levels of 100, 300 and
700 cm

2 s-3

Parameter Wake volume Maximum length Maximum width Maximum depth
(M

3
) where r is (m) (m) (m)

exceeded

Shear stress, r (dyn cm-2)
1 6,464,000 6600 172 18
10 6,220,000 6600 170 18
100 2,850,000 5400 166 12
1000 320,000 1100 66 7

Dissipation, E (cm 2 s- 3)
100 169,000 960 54 6
300 80,000 660 54 6
700 40,000 450 54 6
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6. Discussion luminescence measurements were relatively con-
stant for Twalt values greater than about

6.1. Repeatability of pipe flow bioluminescence 10dyncm- 2 , regardless of whether the flow was
measurements laminar or turbulent. The repeatability of the

response of luminescent dinoflagellates to flow
For bioluminescence to be a useful method for stimulation is remarkable, given the many

flow visualization in the ocean, its general response factors that can influence bioluminescence. Biolu-
to flow agitation must be fairly repeatable. Where minescence levels depend not only on species
comparisons can be made for both freshly assemblage (Latz et al., 1994; Latz and Lee,
collected mixed plankton samples (Rohr et al., 1995) and abundance (Latz and Rohr, 1999),
1990, 1997) and laboratory cultures of the red-tide but also on environmental conditions such as
dinoflagellate L. polyedrum (Latz and Rohr, 1999), light (Sweeney et al., 1959; Sullivan and Swift,
consistent response patterns are generally found 1995; Seliger et al., 1969), temperature (Hastings
(Table 5). For example, response thresholds al- and Sweeney, 1957; Sweeney, 1981), nutri-
ways occurred in laminar flow with ,,a! on the ents (Buskey et al., 1992; Latz and Jeong,
order of l dyncm- 2 (0.1 Nm- 2). Furthermore, 1996), and shear stress history (Latz and Rohr,
for all pipe flow experiments, maximum bio- 1999).
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Fig, 5. Energy dissipation per unit mass (units of cm
2 s- 3) field generated by the numerical simulation of an aircraft carrier moving at

9ms-1. As in Fig. 4. (A) Axial plane on wake centerline; (B) Plan view at the free surface.
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Table 5
Comparison of pipe flow bioluminescence response trends as a function of wall shear stress, Twalf. Mean slope is calculated from the
least-squares regression of log mean bioluminescence intensity vs. Twall; values represent mean ±standard deviation with number of
experiments in parentheses. Laminar flows occurred for Twa1 <20 dyn cm- 2 , whereas for %wall > 20dyncm- 2 the flow was turbulent

Luminescent source and location Pipe diameter Threshold Twall Mean slope
(cm) (dyn cm- 2)

Laminar Turbulent

Mixed plankton SD Bay and SIO Pier 0.64 1.1 +0.3 (12) 1.8+0.3 (12)
0.85 0.8+0.2 (6) 2.0+0.3 (6) 1.1 ±0.2 (6)

Mixed planktona SD Bay 0.64 1 (2) 2.5 (2) 1.0 (4)
Mixed planktonb Sea of Cortez 0.64 1.3 (I)
L. polyedrumc <I cellsml-1 0.64 4.3±0.5 (5) 2.3+0.5 (4)
L. polyedrumc ;6-15 cells ml- 0.64 3+0.4 (12) 3.7±_0.4 (12)
L. polyedrumc g 102 -103 cells ml- 0.64 2.1 + 0.03 (3) 5.0-± 1 (3)
L. polyedrum%• 103 cellsml-' (Red tide off SIO) 0.64 2.1 (I)

a Rohr et al. (1997).
bRohr et al. (1990).
cLatz and Rohr (1999).

Many of the response differences between 1-2 dyn cm- 2 for both pipe (Latz and Rohr, 1999)
laboratory cultures of L. polyedrum (Latz and and Couette (Latz et al., 1994) flow.
Rohr, 1999) and the present mixed plankton Cell concentration also affects the slope of the
experiments may be due to species assemblage. power regression of mean bioluminescence as a
For example, threshold values for the mixed function Of Twall (Latz and Rohr, 1999). In laminar
plankton experiments were typically less than flow, increasing concentrations of cultured Lingu-
those associated with cultures of L. polyedrum lodinium polyedrum (<l-103cellml-1) result in
(Table 5) and maximum bioluminescence levels higher values of the mean slope (2.3-5.0) of log
were greater. These differences could be caused by mean bioluminescence vs. log Twall (Table 5). The
the presence of the dinoflagellates C. fusus and slope increases, because at high laminar flows
Protoperidinium spp. in the mixed plankton mean bioluminescence scales with cell concentra-
experiments. C. fusus has a lower response thresh- tion, whereas background levels, which do not
old than L. polyedrum (Nauen, 1998), and Proto- scale with cell concentration, dominate mean
peridinium spp. produce brighter flashes (Latz and bioluminescence near the response threshold. In
Jeong, 1996). turbulent flow, the rate of increase of mean

Including the L. polyedrum experiments, where bioluminescence with TwSal is insensitive to the
cell concentrations spanned over four orders of background levels of the detector. Consequently,
magnitude, threshold Twall values for cultured the power law dependence of mean biolumines-
and mixed plankton experiments varied between cence on Twall should be independent of cell
0.6-6.0 dyn cm- 2  over 47 laminar, pipe flow concentration in turbulent flow. For the II mixed
experiments (Table 5). Higher average threshold plankton experiments where data are available for
Twall values of (4.3 + 0.5 dyn cm- 2) were found for turbulent flow the power-law dependence of mean
L. polyedrum concentrations <1 cellm1-1 (Latz bioluminescence on T wall ranged from 0.9 to 1.3
and Rohr, 1999). Higher threshold values are (Table 5).
expected at low cell concentrations because of the For all experiments the power law dependence
low probability of observing bioluminescent of mean bioluminescence on Twall varied conspicu-
flashes at threshold levels for dilute cell concentra- ously between laminar and turbulent flow. For the
tions. At high concentrations (102-10 4cellsml-F) present mixed plankton studies, a representative
of L. polyedrum, threshold Twall values are between power law for laminar flow was about 2 (1.9 ±0.3,
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n = 18) and for turbulent flow about 1 (1.1 + 0.2, 6.2. Caveats for laboratorylocean comparisons
n = 6). This dramatic change in slope can be
attributed to several factors. The maximum flash The hydrodynamic response thresholds for
response of individual cells increases dramatically luminescent dinoflagellates determined exclusively
with Twali from threshold to about 10dyncm-2, in laminar laboratory flows were applied to ship
but at higher laminar and throughout turbulent wakes and oceanic flows that are unmistakably
flow, maximum bioluminescence, measurements turbulent. There are several precedents for apply-
remain essentially constant (Rohr et al., 1997; ing measurements obtained in laboratory laminar
Latz and Rohr, 1999; present data). The propor- flows directly to turbulent, oceanic processes
tion of responding cells is also thought to increase (Lazier and Mann, 1989; Thomas and Gibson,
with Twali at a much higher rate in laminar than 1990a, b, 1992; Mead and Denny, 1995). The
turbulent flow (Latz and Rohr, 1999). Finally, Twail common argument is that organisms less than
increases to the first power of Uavg in laminar flow, the smallest energetic eddy scales reside is a
but to the 1.75 power of Uavg in turbulent flow laminar, approximately linear, velocity gradient
(Schlichting, 1979). Therefore, Uavg and related whose magnitude is determined by the dissipation
advection effects increase more slowly in turbulent (Lazier and Mann, 1989; Estrada and Berdalet,
than laminar flow for equal increments of Twall. 1997). Thus at the small spatial scales of the
For example, if mean bioluminescence measure- organisms, oceanic turbulence is experienced as a
ments when expressed as counts per second laminar shear.
increase as the 2nd power of Twall in laminar flow Different turbulent length scales have been used
and the 1st power of TwaIl in turbulent flow, then as a measure of the smallest energetic eddy within
when expressed as counts per volume the powers which smaller entrained organisms should experi-
are disproportionately decreased to 1 and 0.43. ence laminar flow. Thomas and Gibson (1990a,

The difference in bioluminescence potential 1992) used the convenient value of LK, noting that
indices between the spring and summer of 1994 in the ocean LK is seldom less than 1 mm, and that
were reflected by nearly equal differences in the the dinoflagellates in their study (which included
corresponding mean bioluminescence intensities L. polyedrum), are less than an order of magnitude
for the 0.85-cm i.d. turbulent pipe flows. These smaller. Mann and Lazier (1996) consider the
results suggest that the present bioluminescence smallest turbulent eddies in a highly energetic
potential index is proportional to the biomass of environment to be about 6mm. Because LK is
luminescent organisms stimulated in turbulent derived from dimensional analysis, it can only
flow. Rohr et al. (1990) also noted a lack of serve as an estimate for the smallest length scales
correlation between bioluminescence potential, of the turbulence. Measurements of turbulent
using an identical shipboard flow agitator, and scales within the surface mixed layer of the ocean
laminar pipe flow, using a similar 0.635-cm i.d. (Oakey and Elliot, 1980) indicate that maximum
pipe apparatus. In laminar flow the correlation shear energy occurs at about 40LK (Lazier and
coefficient was 0.3, whereas in turbulent flow it Mann, 1989). Mead and Denny (1995) use 40LK as
was 0.8. The poor correlation between biolumi- their cutoff and submit that a sea urchin egg of 80-
nescence potential and the bioluminescence of 10 prm in diameter will experience laminar flow in
mixed plankton measured in high laminar pipe the surf zone or benthic boundary layer when
flow is not observed for cultures of L. polyedrum, 40LK is as small as 200-880 pm. Experimental
where both high laminar pipe flow measurements spectra for different flows suggest that the actual
and bioluminescence potential scale with cell limit of the dissipation range is closer to 1OLK
concentration (unpublished data). Unlike L. poly- (Jimenez, 1997; Catalan, 1999). For the present
edrum, some of the luminescent organisms present study, IOLK was chosen as representative of the
in the mixed plankton samples may be stimulated smallest energetic turbulent length scales within
by the turbulence of the flow agitator but not in which laminar flow presides. By this criterion, if
the range of laminar pipe flows provided. 1OLK is larger than about 500 [im, then all the
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dinoflagellates of interest should experience essen- laboratory experiments provide the beginnings of
tially laminar flow. A threshold twall value of a scientific context to interpret observations of
1 dyncm- 2 and k = 1 results in E = 91 cm 2 s- 3 and flow-induced bioluminescence in the ocean. For
10 LK = 1063 jim. For k = 7.5, 1OLK = 642 Vim. the purpose of this initial comparison, oceanic flow
Regardless of the exact value of k and threshold fields providing average shear stress levels exceed-
Twall, the organisms were smaller than 1OLK and ing those determined in laminar pipe flow as
therefore should experience the turbulence as a threshold levels (greater than I dyn cm- 2 which is
laminar flow. equivalent to dissipation rates _ 102-103 cm 2 s-3 )

At small scales intermittency is a general feature are considered as viable candidates for flow
of turbulent flows (Gregg et al., 1993; Estrada and visualization in the ocean.
Berdalet, 1997), and fluctuating shear has been
thought to increase cell sensitivity (Anderson et al., 6.3. Ship wake bioluminescence observations
1988). Nevertheless, an implicit assumption shared
by all these studies is that the response of A frequently observed bioluminescent flow field
organisms to flow parameters studied in steady is the nighttime wake of a ship. Ship wake
laminar flow will be similar in the unsteady laminar bioluminescence is sufficiently ubiquitous to map
flow of the smallest turbulent eddies within which the spatial distributions of luminescent organisms
they reside. The pipe flow data provide some at the sea surface (Bityukov, 1971). Aviators have
evidence that the fluctuating nature of turbulence, relied on the bioluminescent wake of an aircraft
even at length and time scales relevant to the carrier to help relocate their ship at night (Hast-
organisms, is not always exceptionally stimulatory. ings, 1993; Lovell and Kluger, 1994). Zeppelins
For example, for the 0.64-cm i.d. pipe experiments, and planes have similarly used bioluminescent
while levels of Twall and e increased about 4- and wakes to search for enemy surface ships (Tarasov,
20-fold, respectively, through transition from 1956), and surface ships have used bioluminescent
laminar to turbulent flow, mean bioluminescence wakes to detect and track submarines (Staples,
increased much less, approximately doubling, and 1966).
maximum bioluminescence remained nearly con- The size of the luminescent "footprint" of the
stant. The lowest wall shear stress values obtained wake of an aircraft carrier, predicted by the
in turbulent pipe flow are about 20 dyn cm- 2 , and numerical simulation, was dependent on whether
have been reported as no more stimulatory as the shear stress or energy dissipation thresholds were
same shear stress in laminar pipe flow (Latz and used. A threshold shear stress of 1-10dyncm- 2

Rohr, 1999). The insensitivity of maximum biolu- resulted in a predicted bioluminescent wake length
minescence levels to the length and time scales of > 6 km, whereas for a threshold dissipation rate of
the turbulence is particularly notable given the 100cm 2 s-3, the predicted length was approxi-
significant shear sensitivity reported for plant and mately 1 km. This large difference is not surprising
animal cells (reviewed by Hua et al., 1993). given the different assumptions involved in esti-

Numerical simulations and oceanic measure- mating shear stress and dissipation in the simula-
ments provide descriptions of the flow field that tions. Unfortunately, there are presently no
are averaged over length and time scales much scientific studies and only a few anecdotal refer-
larger than what are directly relevant to the ences that provide quantitative descriptions of the
organisms of interest. To borrow the terminology dimensions of stimulated bioluminescence within a
of Catalan (1999), whereas the pipe flow studies ship's wake. Moreover, observations of ship wake
can provide detailed information of the "hydro- bioluminescence depend on many contributing
dynamic weather" that individual plankton are factors, including the bioluminescence potential
experiencing, the numerical simulations and ocea- of the seawater, the distribution and magnitude of
nographic measurements can only provide an supra-threshold agitation levels within the wake,
indicator of their "hydrodynamic climate". Never- background ambient light, the state of dark
theless, climate and weather are related, and adaptation of the observer's eyes, and the height
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of the observer above the sea surface. The presence been used to differentiate species (Roithmayr,
of bubbles throughout the wake can also affect 1970; Morin, 1983). Along moving boundaries
one's perception of the bioluminescence within it the pipe flow results are directly applicable.
(Tarasov, 1956; Vasil'kov et al., 1992). Applying the Blasius flat-plate boundary layer

Tarasov (1956) and Turner (1965) recount tales solution, a laminar flow of 26cms-1 (ý, 0.5 knot)
of bioluminescent ship wakes estimated to be of over a 20-cm long flat plate will produce shear
the order of a mile (1.6 km) long. The distance to stresses > 1 dyncm- 2 everywhere on the plate
the horizon, correcting for refraction effects (Schlichting, 1979). Conspicuous bioluminescence
(French, 1982), for an observer whose eyes are features on a moving body will occur where the
2-10m above sea level are greater than this volume of supra-threshold flow changes abruptly,
distance, ranging from about 3.4-7.7 miles (5.5- e.g., where separation or boundary layer transition
12.4 km). However, viewing bioluminescence occurs. Many of these bioluminescence features
wakes from the ship creating them is generally a have been observed in studies of flow-stimulated
poor vantage point because the percentage of bioluminescence associated with swimming dol-
competing skylight reflected from the ocean sur- phins (Rohr et al., 1998). It is attractive to look for
face increases dramatically towards the horizon geophysical phenomena where bioluminescence
(Lynch and Livingston, 1995). Aerial observations could be used as an indicator of highly energetic
provide a much better view. Anecdotal accounts of flows.
World War II carrier-based aviators describe The oceanic implications of a threshold shear
luminescent wakes that could sometimes be seen stress of the order of 1 dyn cm- 2 are noteworthy.
for miles (Hastings, 1993). Observations of wake- More than 70 years ago, Harvey (1929) posed the
stimulated bioluminescence extending several question of what use flow-stimulated biolumines-
miles (about 10 or more aircraft carrier boat cence could be for a protozoan, living at the
lengths) are consistent with the numerical simula- surface of the sea, "blown hither and thither by the
tion estimates for a threshold turbulent shear wind." For dinoflagellate bioluminescence to be an
stress of 1-10 dyn cm- 2. Most of our observations effective anti-predator strategy (Burkenroad, 1943;
from the stern of smaller ships (Rohr, personal Esaias and Curl, 1972; Buskey et al., 1983; Morin,
observations) are more in accord with estimates of 1983; Abrahams and Townsend, 1993) organisms
1-2 boat lengths, which would be better predicted should not continually be stimulated by oceanic
by the simulation estimates using threshold ambient motion. A threshold shear stress level of
dissipation values of about 100cm 2 s- 3. Observa- 1 dyncm- 2 is consistent with this assumption. In
tions of ship wake bioluminescence during which the ocean interior, where background dinoflagel-
the appropriate optical and biological ground late bioluminescence is rare (Boden et al., 1965;
truth measurements are collected could provide Widder et al., 1989; Buskey and Swift, 1990), a
effective transfer functions between simulations, shear stress level of I dyncm- 2 is typically several
laboratory studies, and field predictions and orders of magnitude higher than ambient levels
ultimately provide opportunities to validate the associated with oceanic turbulence (Oakey and
simulations as well. Elliott, 1982; Evans, 1982; Yamazaki and Osborn,

1988; Haury et al., 1990; Thomas and Gibson,
6.4. Oceanic flows and shear stress thresholds for 1990a; Mann and Lazier, 1996).
bioluminescence stimulation Naturally occurring flow fields associated with

threshold shear stress levels greater than or equal
Spectacular bioluminescence displays have been to I dyn cm- 2 are most likely to occur at the

associated with the movement of dolphins (Rohr ocean's boundaries. Estimates of fluid drag on the
et al., 1998), torpedoes (Shaw, 1959), fish (Harvey, ocean floor due to topographic waves are typically
1952), and divers (Lythgoe, 1972; Robinson, of the order of 0.5dyncm- 2 (Bell, 1978). Tidal
1998). The bioluminescent "signatures" of some currents (Bowden et al., 1959; Sternberg, 1968;
swimming fish are distinct enough that they have Cheng et al., 1999), high-energy deep-sea currents
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(Gross and Nowell, 1990), hurricanes (Gardner levels of flow stimulation as they rise (Bavarian
et al., 2001), and the surf zone (Cox et al., 1996) et al., 1991). Bubbles within this diameter range
have been estimated to produce bottom shear and larger have been found near breaking waves
stresses of the order of 1 to 10dyncm- 2. Wave- (Medwin and Daniel, 1990; Leighton, 1997) and in
forced bottom shears in shallow near-shore areas ship wakes (Hyman, 1994) and may be an
have also been reported in this same range important component of their bioluminescent
(Sanford, 1993). A value of about 1 dyncm- 2 is signatures. Laboratory studies, albeit with much
the critical erosion stress for 0.1-mm diameter larger bubble diameters of 0.1-1.8 cm, have found
quartz grains in water (Inman, 1949; Miller et al., rising bubbles to stimulate the bioluminescence of
1977) and for many cohesive types of sediment as Linguidinium polyedrum (Anderson et al., 1988;
well (Mehta et al., 1982). Another flow candidate Latz and Case, unpublished observations).
for bioluminescence stimulation at the ocean Although there have been anecdotal accounts of
bottom is internal solitary waves. Observations bioluminescence highlighting water current struc-
of resuspension under the footprint of internal ture in the ocean surface layer (Tarasov, 1956),
wave packets reveal a marked increase in particu- there are no known scientific studies directed
lates up to 10m above the ocean bottom (Bogucki towards observing naturally occurring, flow-sti-
and Redekopp, 1999). Supra-threshold shear levels mulated bioluminescence at the ocean's bound-
can be also found within the ocean surface shear aries. The lack of observations may in part be due
stress layer, but only over very shallow depths. A to the avoidance by luminescent organisms of flow
typical wind speed of 7-8ms-1 at mid-latitudes regions of high agitation (Tynan, 1993) and a
will produce a surface stress layer of I dyncm- 2  paucity of nighttime in situ observations under
(Gill, 1982; Pond and Pickard, 1983) over a depth favorable conditions.
of about 2 mm (Phillips, 1980).

Rainfall has been considered as another candi- 6.5. Pressure vs. shear stress thresholds for
date source for naturally occurring biolumines- bioluminescence stimulation
cence at the ocean surface (Tarasov, 1956). The
vertical stresses produced in the water at the sea Dinoflagellate bioluminescence is relatively in-
surface due to both light (0.4 cm h-1) and moder- sensitive to pressure. For example, a static pressure
ate (4.3 cm h-1) falling rain have been calculated to of I dyn cm- 2 , the shear stress response threshold,
be <1 dyn cm- 2 (Manton, 1973). Even with a corresponds to a height of seawater of about
wind speed of 10ms-1, surface shear stresses 0.01 mm, so that supra-threshold levels would exist
produced by a rainfall rate of 2.5cm h- are essentially throughout the entire ocean. Labora-
estimated to be less than threshold (Caldwell and tory studies with cultures of L. polyedrum show
Elliott, 1971). Therefore, rainfall is not predicted that only at extremely high pressures, of the order
to stimulate bioluminescence based on the shear of 107 dyn cm- 2 (25atm), does static pressure
stresses generated. Furthermore, based on the affect the rate of spontaneous flashing (Gooch
kinetic energy flux at the surface (Ho et al., and Vidaver, 1980; Swift et al., 1981). Considering
1997) for heavy rain dissipated over a depth of the effect of varying pressure, which has been
10cm (Manton, 1973) estimated dissipation rates proposed to provide greater stimulation (Ander-
are several orders of magnitude less than threshold son et al., 1988), a plane wave in seawater with a
values of 102-10 3 cm 2 s- 3. rms of 1 dyncm- 2 has an associated sound

However, rain drops 0.8-1.1mm in diameter, intensity of 6.4 x 10- 9 Wm-2 . This intensity is
which are common in light rain, create bubbles of lower than the mean level of ambient sea noise
approximately 440 jtm diameter when they fall at (Tavolga, 1967), again suggesting that throughout
normal incidence to a plane water surface (Pum- the ocean there would be continuous biolumines-
phrey et al., 1989; Medwin and Clay, 1998). Even cence stimulation. In regards to bioluminescent
significantly smaller bubbles, of the order of ship wakes, the radiated noise at I m from a large
100-jtm diameter, can provide supra-threshold ship can be 104 times greater than I dyn cm-2
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(Richardson et al., 1995). Assuming spherical oceanic mixed layer (Shay and Gregg, 1984;
spreading, only at distances > 10km in any Gargett, 1989). Maximum values of 6 associated
direction from the ship would pressure amplitudes with coastal zones (Kiorboe and Saiz, 1995),
in the water drop below I dyncm-2. Based on the tidally mixed regions (Grant et al., 1962; Roths-
absence of these bioluminescence observations, child and Osborn, 1988), internal hydraulic jumps
stimulatory oscillating pressure amplitudes must (Farmer and Armi, 1988), breaking internal waves
be significantly > I dyn cm- 2. Indeed, for cultures (Lien and Gregg, 2001), and the ocean surface
of L. polyedrum, much larger pressure amplitude (Soloviev et al., 1988; Anis and Moum, 1995;
variations, on the order of 106 dyncm-2s-1, are Drennan et al., 1996; Kitaigorodskii, 1997) are
necessary for bioluminescence stimulation (Kras- typically between 1 and 10cm2 s-3 . Seim and
now et al., 1981; Donaldson et al., 1983). Gregg (1997) have reported dissipation levels as

large as 10-103 cm 2 s- 3 in tidally forced flow over a
6.6. Oceanic flows and dissipation thresholds for sill.
bioluminescence stimulation Equally large values of e have been measured

beneath small breaking waves (George et al., 1994;
Energetic hydrodynamic events occurring within Terray et al., 1996). At the ocean surface, breaking

the ocean are often characterized by dissipation waves are a common source of bioluminescence
estimates based on the smallest scales of the stimulation (Staples, 1966; Latz et al., 1994).
velocity or temperature gradient. However, these Supra-threshold levels of dissipation associated
measurements are often difficult to obtain (Anis with small breaking waves is consistent with
and Moum, 1995; Veron and Melville, 1999) and laboratory observations where 10-cm peak to
order of magnitude values of dissipation are often trough breaking waves stimulated bioluminescence
considered questionable (Drennan et al., 1996). (unpublished data).
Furthermore, oceanic dissipation rates exhibit Gross estimates of average dissipation levels in
significant spatial and temporal variations (Oakey the benthic boundary layer, surge channel, and
and Elliott, 1982; Yamazaki and Lueck, 1990; surf zone suggest levels much higher than thresh-
Agrawal et al., 1992; Gregg et al., 1993). Conse- old. Mean dissipation levels in the near-shore,
quently the possibility of obtaining a near instan- benthic boundary layer, which is expected to be
taneous, synoptic view of highly dissipative events only a few centimeters thick, have been predicted
through flow-induced bioluminescence would be to be as high as 8 x 104 cm 2 s-3 (Mead and Denny,
most appealing. 1995). This estimation was based on Eq (1) with

There are many studies providing average k = 1, and T equal to the product of the water
dissipation values for various oceanic flows, which density and the friction velocity squared. The
when juxtaposed with the pipe flow dissipation friction velocity was assumed to be 5% of the
thresholds, provide a convenient starting point for mainstream velocity near the substratum, which in
initial comparisons. A calculated threshold dis- turn was estimated from linear wave theory. Mean
sipation rate on the order of 102_103 cm 2 s-3 dissipation levels within a surge channel have also
(10-210-I m2 s-3 ) for flow-stimulated biolumines- been estimated to be of the order of 104 cm 2 s-3

cence is many orders of magnitude higher than (Denny et al., 1992), calculated by dividing the
what has been generally reported within the ocean estimated net wave energy transported across the
interior (Osborn, 1980; Crawford and Osborn, mouth of the channel by the effective mass of
1980; Lueck et al., 1983; Larson and Gregg, 1983; water in which the wave energy is dissipated.
Gargett and Halloway, 1984; Lueck and Osborn, Depending on shore slope and wave height, mean
1986; Sandstrom and Oakey, 1995; Gregg and energy dissipation rates throughout the surf zone
Ozsoy, 1999; Seim et al., 1999). For example, in have been predicted to range from about 102_

the deep ocean e has been found to be of the order 104 cm 2 S-3 on wave-swept rocky shores (Mead
of 10- 6 cm2 s- 3 (Kunze and Sanford, 1996) and of and Denny, 1995). Measurements in the labora-
the order of 10-1 cm 2 s-3 for the upper parts of the tory and surf zone by Veron and Melville (1999),
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however, show that the turbulence is likely to be cence associated with boundary layer flows as well
dissipated rapidly and locally under individual as the general lack of observations within internal
breakers. Nighttime observations have shown oceanic flow fields. Because background agitation
bioluminescence associated with breaking waves, levels in the ocean interior are generally several
but not between sets of breaking waves (unpub- orders of magnitude below threshold, flow-in-
lished data). It is not known whether this duced bioluminescence could be used as an
discrepancy is due to depletion of luminescence indicator of highly energetic oceanic events. For
of the most shear-sensitive luminescent organisms, the present study it was assumed that marine
incorrect dissipation estimates, or bioluminescence plankton respond similarly to changing and steady
displays too dim to accurately observe. As is the laminar flow. This assumption must be verified in
case with ship wakes, such flow fields invite further light of previous observations (Anderson et al.,
study. 1988) suggesting that the rate of change of flow is

Some observations of rare bioluminescent important. The present study also did not deter-
events recorded by merchant ships have been mine threshold levels for turbulent shear stress.
attributed to the passage of solitons (Wyatt, 1987). Turbulent shear stresses in a bottom mixed layer
Although average dissipation levels can increase 3 can be an order of magnitude greater than the
orders of magnitude because of internal solibores threshold laminar shear stress (Stacey et al.,
(Gregg et al., 1999), these values are still two 1999a). Relating laboratory measurements, which
orders of magnitude below threshold levels for describe the local hydrodynamic "weather" to
bioluminescence. Nevertheless, the individual en- which plankton respond, to the climatological
ergetic events responsible for this large change in indicators afforded by present oceanic measure-
the average dissipation may also be another good ments and numerical simulations will remain a
candidate for bioluminescence flow visualization, challenge for some time. Nevertheless, luminescent

dinoflagellates inhabit all the world's oceans and
could, under proper viewing conditions and for

7. Conclusions suitable concentrations, act as a robust indicator
for highly energetic events in the ocean.
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